Sugar beet fiber is an agricultural by-product in the sugar manufacturing and an available biomass source with a rich hemicellulose component. So far, there has been no report on the catalytic conversion of the beet fiber for the synthesis of chemicals. In this work, the hydrogenolysis of the beet fiber was studied by using supported metal catalysts under pressurized hydrogen conditions. Activated carbon supported Ru was found to show the highest catalytic activity to give arabitol as a major product in the hydrogenolysis of hemicellulose part of this material. The reuse ability of the catalyst was also investigated.
Introduction
Utilization of non-food biomass is important for the production of renewable chemicals to decrease net carbon dioxide accumulation to the atmosphere. Lignocellulose is a typical non-food biomass, which contains 50-80% fermentable carbohydrates such as cellulose and hemicellulose by dry weight [1] [2] [3] . Although extensive efforts have been given for the conversion of cellulose to fuels and chemicals [4] [5] [6] , a limited number of works have been done for the conversion of hemicellulose.
Hemicellulose is the second most abundant polysaccharides in nature (20-35% of lignocellulosic biomass) consisting of hexoses and pentoses, where the main components of pentoses are xylose and arabinose [7] . Recently, conversion of hemicellulose has received much attention because of its potential industrial use in many fields as well as a raw material for the production of furfural and ethanol [8] [9] [10] [11] [12] [13] . However, enzymes and homogeneous catalysts have been utilized in the reactions, which have serious drawbacks such as insufficient activity, difficult separation of products and enzymes or catalysts, corrosive properties, and expensive solvents. Very recently, the hydrolysis of hemicellulose was reported using solid acids as heterogeneous catalysts [14] .
Sugar beet fiber (hereafter beet fiber) is an agricultural by-product obtained after extraction of sucrose from sugar beet in the sugar manufacturing, and the worldwide annual production of sugar beet is over 400 million ton [15] . It is an easily available source for lignocellulosic polysaccharides including hemicellulose derivatives. The amount of hemicellulose in beet fiber ranges from 22 to 36% [16] [17] [18] [19] [20] , which depends on the source and the procedure of determination. It is believed that arabinan, the polysaccharide of C 5 arabinose, is the major compound (ca. 80%) of that hemicellulose part [21] . Other constituents of hemicellulose of beet fiber are galactose (15%), xylose (5%), and mannose (5%) [15] . Therefore, beet fiber is a suitable resource for the production of arabinose and the corresponding alcohol (arabitol), and the latter compound has been selected as a top 12 value-added products from biomass by US Department of Energy [22] . It is noteworthy that very few works have been done on the conversion of beet fiber by microbial fermentation [23, 24] and by the hydrolysis of beet fiber using enzymes or homogeneous acids [25] [26] [27] , causing the problems described above. To our knowledge arabitol has not been directly obtained from beet fiber in a single process. Arabitol is a potential precursor to biologically active substrates. Therefore, the production of arabitol from beet fiber still remains a challenge in this field.
Previously, we reported the catalytic hydrogenolysis of cellulose to sorbitol by supported metal catalysts [28, 29] . In this work, we have studied the hydrogenolysis reaction of hemicellulose in beet fiber as a real biomass source by using various supported metal catalysts, and arabitol was obtained selectively in good yields (Scheme 1). The effect of the reaction parameters and reuse experiments were also investigated. for 2 h). N 2 adsorption measurements were performed at 77 K using a Belsorp-mini II.
Typical procedure for hydrogenolysis of beet fiber
Beet fiber was supplied from Nippon Beet Sugar Manufacturing, Co., Ltd. Dried beet fiber powder (320 mg), 2 wt% Ru/AC(W) (200 mg), and distilled water (40 mL) were charged in a 100 mL stainless steel (SUS316) autoclave (OM Lab-Tech MMJ-100, 100 mL), and then pressurized with H 2 gas of 5 MPa. The reactor was heated to 403 or 428 K and maintained at the temperature for 24
h with stirring at 600 rpm. Then the reactor was cooled to room temperature, and the liquid part was separated by centrifugation. The solution containing the water-soluble products was analyzed by using a Shimadzu LC10-ATVP high performance liquid chromatography (HPLC, refractive index detector). The columns used in this work were a Phenomenex Rezex RPM-Monosaccharide Pb++ (ø7.8x300 mm, mobile phase: water 0.6 mL min -1 , 353 K) and a Shodex Sugar SH-1011 (ø8x300 mm, mobile phase: water 0.5 mL min -1 , 323 K). The yields of arabitol and arabinose were based on the weight of hemicellulose as the molar calculation was difficult. It should be noted that the determination of hydrogen consumption is impossible, because the amount of hydrogen consumption will be in the error level of material balance (~1%) as the final pressure in the reactor was the same as the initial pressure (5 MPa). It should also be noted that 100 mg of Ru-catalyst and 195 mg of Pt-catalyst contains the same 0.02 mg-atom of metal. The conversion of beet fiber was determined from the weight difference of the solid residue after the reaction.
Typical procedure for recovery of the catalyst and the recycle reactions
After finishing the reaction with the fresh catalyst, the reaction mixture was centrifuged and the residue was separated from the liquid part under air. The residue, which contained the recovered catalyst and the unreacted beet fiber, was used for the next recycle reaction without any treatment.
In the recycle reactions, the amount of reagents and the reaction conditions were exactly the same as described in Section 2.2, and the reaction temperature was 428 K. In this case, the conversion of beet fiber had not been calculated as the residue was not dried to determine the weight of the unused beet fiber. After filtering the water soluble part from the reaction mixture, the wet residue was used for the next recycle reaction.
Results and Discussion
First of all, the composition of hemicellulose, cellulose, and lignin in the supplied beet fiber was determined by the Van Soest's method [30, 31] . It was found that the beet fiber contained 23%
hemicellulose, 24% cellulose, and 3% lignin. It is reported that other parts include pectin (ca. 20%) [18] , and these values are almost the same as the previously reported data [16, 17] . The remaining constituents of beet fiber are reported to be protein (10%), ash (3%), and fat (1%) [16] [17] [18] [19] [20] .
The screening of catalysts was investigated for the hydrogenolysis of beet fiber, and Table 1 summarizes the results. products is compared with a non-catalyzed reaction, in which arabinose was produced in 56% yield without the formation of arabitol (entry 1). Arabinose is probably obtained from the arabinan polysaccharide, which is known as a major constituent of the hemicellulose part of beet fiber. The arabinan polysaccharide is easily hydrolyzed to arabinose by in-situ formed H 3 O + in hot compressed water. The pK w value of H 2 O at 403 K has been reported to be 11.9 [32] . However, due to the absence of a catalyst, the second hydrogenation step did not proceed in this reaction. Thus, the major role of Ru/AC(W) catalyst is the reduction of arabinose formed from the hydrolysis of hemicellulose of beet fiber.
In the cases of Ru/-Al 2 O 3 and Pt/-Al 2 O 3 -catalyzed reactions, the yields of arabitol were low,
showing the low hydrogenation rates of arabinose (entries 2, 3). The low activity is probably due to the contamination of some constituents of beet fiber, which reduce the catalytic activity of the alumina-supported catalysts for this hydrogenation reaction. It was confirmed by doing the hydrogenation of arabinose (pure reagent) at 403 K for 1 h by Ru/-Al 2 O 3 and Pt/-Al 2 O 3 catalysts, and arabitol was obtained in 32% and 55% yield, respectively.
These results motivated us to study the detail of the catalytic reactions using Ru/AC(W). By increasing the amount of Ru/AC(W) catalyst, the yield of arabitol was increased (entries 5, 6), which suggests that the higher amount of catalyst facilitates the reduction of arabinose to arabitol.
The optimization of the reaction conditions was performed by changing the parameters of the reaction, e.g., temperature, reaction time, amount of catalysts, substrate/catalyst ratio, and H 2 pressure, and it was found that the reaction conditions shown in entry 12 of Table 1 As the present reaction conditions are too mild for cellulose hydrolysis, the yields of the C 6 sugars and sugar alcohols are low (1-6%).
Several carbon supports for Ru were also investigated, and the results are shown in Table 1 (entries 12, 14-17). It was found that AC(W), AC(N), and carbon blacks BP2000 and Ketjen Black showed almost the same catalytic activity, whereas a carbon black XC72 gave poor activity. This is probably due to low surface area of XC72 compared with other carbon supports. Among the tested catalysts, Ru/AC(W) (prepared from RuCl 3 precursor) showed the highest yield of arabitol in the hydrogenolysis of beet fiber (83%, entry 12). In this reaction, the remaining by-products were ethylene glycol (2%), propylene glycol (8%), and glycerol (5%). Another Ru/AC(W) prepared from Table 1 Reuse experiments were performed by using Ru/AC(W) catalyst. Unfortunately, it did not show recycle ability in the hydrogenolysis of beet fiber. The catalytic activity was started to decrease from the first recycle reaction. By using a fresh catalyst, 83% arabitol was obtained, whereas only 48% arabitol was obtained in the first recycle reaction. The yield of arabitol was decreased gradually, and finally arabitol was not formed in the fourth recycle test. In order to overcome that problem, the used catalyst (after the first reaction) was subjected to regenerate by reduction with H 2 , but it did not show any positive effect towards the recycle reactions. There are several reasons for the catalyst deactivation in the recycle reactions. For example, i) deactivation occurred by the presence of chloride ion of RuCl 3 precursor, ii) leaching of metal during the reaction, iii) contamination of some components of beet fiber with the catalyst, and iv) pore blocking by substrates or products. In order to check those assumptions, another Ru/AC(W) catalyst prepared from a Ru(NO)(NO 3 ) 3 precursor was also used for the recycle reactions. It showed the same tendency of Ru/AC(W) prepared from RuCl 3 precursor, which rules out the possibility of the catalyst deactivation by the chlorides ions. The ICP-AES of the water soluble part proved that no leaching of Ru occurred during the reaction. The EDX and CHNS analyses of beet fiber showed that beet fiber contained S (< 0.3%) as well as some metals. The contamination of those materials with the catalyst was also confirmed from the EDX analysis of the used catalyst. Probably, S and those metals adsorbed on Ru metal to reduce the active sites of the catalyst. We therefore assumed that some constituents of beet fiber covered the catalyst to inhibit the active sites of the catalyst for the hydrogenation reaction.
In order to check the possibility of pore-blocking, the N 2 adsorption experiments were performed for the fresh catalyst and the used one. Ru species for the reaction was decreased which caused the deactivation of the catalyst in the recycle reactions of beet fiber.
For further consideration, the reuse experiments were performed by using arabinose as a substrate instead of beet fiber. Interestingly, the catalyst was found to remain active with an almost unchanged selectivity even after the third reuse (Table 2 , entries [19] [20] [21] [22] . In these cases, some gaseous products might be formed together with the cracking products. Finally, the catalyst after the third reuse was used for the hydrogenolysis of beet fiber (entry 23). The desired product, arabitol was obtained in 83% yield, which is the same as obtained with a fresh catalyst (83%, entry 12 of Table 1 ) in the hydrogenolysis of beet fiber. This result clearly shows that Ru/AC(W) catalyst is stable enough for the reuse experiments for arabinose, and that the catalyst is not deactivated by arabinose, arabitol, and their derivatives. The problem in the recycle reactions of beet fiber is therefore arising from beet fiber. In order to find out the exact reason for the deactivation of the catalyst in the recycle reaction of beet fiber, further reactions are now on investigation. 
Conclusion
We have developed a new procedure for the catalytic hydrogenolysis of beet fiber. Arabitol was obtained selectively in very good yields by Ru/AC(W) catalyst from the hydrogenolysis of hemicellulose constituent of beet fiber. By this study, beet fiber will have a potential place in the list of chemical feedstocks. d Beet fiber (320 mg, containing 23% hemicellulose) was used instead of arabinose.
e Based on hemicellulose weight.
